link speed requirements, fully integrated optical receivers in standard CMOS technologies offer low interconnect losses, and compact and cost-effective solutions. Standard CMOS integration based on default set of process layers from a foundry with a "catalog" access to the IC design community is also required for enhanced sensors applications through mixed VLSI analog-digital functions or multiple light-based applications such as positioning and imaging that would share the same sensor chip. This evolution justifies the need for large integrated pixelated or arrayed receivers. It also imposes new design constraints that would trade off the selection between different types of integrated photodiodes (PDs), including the N-well/Psub and Avalanche PDs, with considerations regarding large array design, the PD-array bias voltage complexity, and its reliability versus process and temperature variations. Responsivity enhancement in the blue region is an additional requirement for efficient visible spectrum usage especially if Phosphor-white light-emitting-diode sources are utilized along with blue filters on the receiver side [2] . These trends need to be supported by advanced PD design techniques and thorough device simulation efforts. In addition, accurate SPICE models for PDs are critical to avoid receiver stability issues and guarantee successful first silicon pass.
Previous works on N-well/Psub bandwidth extension adopted either patterned [3] or meshed [4] spatially modulated light PDs at the cost of drastically degraded responsivity in the range of tens of mA/W. The reduction in the PD area enables high electrical bandwidth at the receiver input; however, the PD's optical bandwidth remains unchanged since it is a function of the internal physical drift and diffusion transit times [3] . Data-rate enhancement of the Gb/s level has been demonstrated in fully integrated VLC receivers using MHz-range optical bandwidth PDs and integrated equalization circuits [5] , as can be conceptually shown in Fig. 1 . Further increase in the PD cutoff frequency and the reduction in the ac-response roll-off would relieve the equalizer circuit design constraints, reduce the chip area by removing large capacitors, and improve the equalized signal quality by minimizing the jitter creation through the transimpedance amplifier (TIA) while reducing the total receiver dc power consumption.
The low responsivity in the blue region with conventional PN PDs is primarily due to the fact that the blue generated electron-hole pairs on the surface will not reach the depletion region located deeper in the silicon. This is because of the slow diffusion and fast recombination of the shallow photo-generated carriers [6] . A honeycomb structure based on multiple edge depletion regions has been proposed in [7] to maximize the collection of the blue photo-carriers. Such structure is CMOS compatible compared to the majority of the existing blue-enhancement techniques published to date that are PIN-based junctions [8] , [9] . Other blue responsivity enhancement efforts are based on pinned-PD principle [10] , [11] that are mostly used for camera sensors applications with dedicated CMOS processes.
In this paper, an N-well/Psub PD formed of 25 (5 × 5) inner subsections is presented to enhance the responsivity in the blue spectral region while almost doubling the optical bandwidth. Whereas in [7] , a 1 mm × 3 mm PD with a large number of internal junctions is used, in this paper, a smaller PD (100 μm × 100 μm) in a standard commercial fabrication process (AMS 0.35 μ m) is considered to meet the requirements of high-speed optical receivers and assess the potential of lower number of internal subsections on the blue responsivity improvement as well as the optical bandwidth enhancement. A solid reference PD with the same optical window area and only one section is used for comparison. This paper is organized as follows. In Section II, the PDs design principle with sections is presented. Section III describes the implementation of both PDs. Section IV shows the optical testing setup and the measurement results supported by Medici and TCAD simulations. Section V describes the PDs SPICE modeling approach and simulation results. The Conclusions are drawn in Section VI.
II. DESIGN PRINCIPLE
Blue photons in the range between 400 and 500 nm wavelengths are typically absorbed in the shallow PD region (between <0.1 and 0.5 μm, respectively). The slow photo-carriers diffusion of the created "blue" photo-carriers in the N+ region causes fast recombination, which is responsible for the low responsivity levels [6] . Blue photo-carriers created at the edge of the depletion regions would survive longer and contribute more efficiently to the photo-current generation if they can rapidly reach the PD surface [see Fig. 2(a) ]. Introducing a larger number of junctions results in an increased number of blue photons falling within the edge of the depletion regions, which would increase the number of collected blue photo-carriers at the surface [7] . This effect is illustrated in Fig. 2(b) with the multiple sections PD design.
During ac operation, the fast collection of the blue photocarriers from the multiple vertical depletion regions in the PD with multiple subsections (essentially by the drift mechanism) versus a single section PD (purely by diffusion) leads to a shorter transit time and faster opto-electrical (OE) response.
Other deeply traveling photons would also benefit from the ac-response improvement. For instance, the red photons at 700 nm would penetrate the silicon down to roughly 5 μm [6] . Depending on the N-well and the depletion region depths, the red photons absorption could go down to the low vicinity or to the boundaries of the depletion region, for a given applied voltage. The photo-carriers path toward the surface is determined by a first slow diffusion phase before they reach the depletion region where the carriers get "pumped" by the drift effect toward the surface.
The drift mechanism in the depletion region has different characteristics depending on whether it happens at the corners, the planar or the lateral sides of the N-well/Psub junction. In Fig. 3 , a simulation plot using TCAD Sentaurus shows the electric field distribution between two N-well/Psub junctions. The highest electric field density can be seen at the junctions' corners and most of the vertical junctions with a remarkable intensity difference with the bottom planar junction. This effect has also been reported in [12] , where the corner and lateral electric fields, E C and E L , respectively, have been shown to have stronger values than the planar electric field (E P ) in the presence of Psub guard rings as can be seen in Fig. 4(a) . Subsequently, the generated photo-carriers closer to or inside the lateral and corner depletion regions would undergo a stronger drift effect than those created underneath or inside the middle part of the depletion region. In order to increase the drift velocity for a higher number of photocarriers, the proposed subsections PD design provides a higher number of corners and vertical edges of depletion regions [see Fig. 4(b) ]. The increased contribution of the fast photo-carriers with reduced transit time in these regions to the total photogenerated current leads to an extended optical bandwidth.
III. PHOTODIODES IMPLEMENTATION
A solid PD (PD1) and a 5 × 5 subsections PD (PD2) are implemented in AMS 4-metal 0.35-μm OPTO CMOS [5] . Both PDs micrographs are shown in Fig. 5(a) . With the OPTO process option, all the dielectric layers on top of the PD are etched. A bottom antireflective coating layer is also added to improve the light transmittance to the silicon layers.
A. Solid Single-Section PD Design (PD1)
The solid PD is implemented as a single 100 μm × 100 μm size N-well/Psub section [ Fig. 5(b) and (c) ]. The metal1/N+ contacts are taken on one side, while the PD is surrounded with Psub taps. Shallow-trench-isolation (STI) with a spacing (s = 0.6 μm) between N+ and P+ regions is added to avoid a low lateral premature breakdown voltage (BDV). The PD structure was simulated using MEDICI and TCAD Sentaurus with the following doping values: 1.5 × 10 14 /cm 3 for Psub, 10 20 /cm 3 for N+ and P+, and a Gaussian profile for N-well with 10 17 /cm 3 near N+ to roughly 10 15 /cm 3 near Psub. N-well depth is set at 3.5 μm and N+/P+ depths to 0.2 μm. With these doping and geometrical settings, the depletion width is simulated to be between 0.5-1.5 μm for a reverse-bias voltage bias varied between 0-6 V, respectively.
B. 5 × 5 Subsections PD Design (PD2)
The PD structure is divided into 25 (5 × 5) subsections [Fig. 5(d) and (e)]. Each section is 20 × 20 μm 2 size to keep the same total optical window area as the solid PD. In order to shorten the access resistance to the different N+/N-well regions, a top lattice structure in Metal2 is used to connect the external access point to the local cathodes. The Metal2 wires are 0.8 μm wide and routed in the free peripheral ways between the N+/N-well squares. Another lattice structure in Metal1 is used to bias the local substrates where ∼4-μm space is left between the individual N+/N-well cells. For each individual cell, the STI width between N+ and its peripheral P+ is kept the same as with the reference PD (s = 0.6 μm).
IV. MEASUREMENT RESULTS
Because of the lateral diffusion, the N-well spreads underneath the P+ region and completely isolates it from the Psub as shown in Fig. 3 . This tends to lower the responsivity as some of the photons would get blocked or scattered before reaching the depletion region. As a result, a P+/N-well diode is formed. This parasitic diode defines the BDV of the device, measured around 12-13 V [ Fig. 6 (a) and (b)], rather than the NW/Psub junction expected to present a BDV around 30 V. Fig. 6(a) and (b) shows the measured and simulated dark currents for both PDs with respect to the reverse-bias voltage.
Both PD1 and PD2 in addition to a reference off the shelf PD (Ref_PD, PDB-C152SM) were characterized using an automated dual grating Micro-HR, f /3.9, imaging spectrometer. The spectral responsivity curves are shown in Fig. 7(a) , and the relative responsivity improvement with respect to Ref_PD is depicted in Fig. 7(b) . A 10%-15% improvement can be observed for PD2 versus PD1 over the 400-to 550-nm wavelength range. The improvement can be further increased by properly optimizing the number of subsections in our proposed honeycomb structure of PD2.
The PDs are measured with a 680-nm wavelength 5-GHz bandwidth VIXAR laser diode (LD). The ac signal is driven to the LD through the ADI ADN2530 linear laser driver. The red laser is directly applied onto the PDs through an optical fiber in order to collect the maximum amount of optical power. The PD ac signal is measured with signal-ground-signal RF probes and output to the 26-GHz Agilent E4407B spectrum analyzer. The ultralow noise floor of the spectrum analyzer (∼−90 dBm) is critical to measure extremely low output electrical signals from the PDs. Measured and simulated (with MEDICI) normalized OE (NOE) ac responses for PD1 and PD2 are also given in Fig. 8 . The roll-off curves are increased by 2 to 4 dB at 1-V reverse bias for PD2 versus PD1 over the measured frequency range with an almost 1.7× improvement in the 3-dB bandwidth (2 MHz versus 1.2 MHz, respectively).
V. PHOTODIODES SPICE MODELING
In any optical receiver, the PDs are typically connected to a TIA as shown in Fig. 9(a) . The stability analysis of the TIA is directly related to the equivalent PD model, represented by (R pd and C pd ) as can be seen in our prior publication reported in [13] . Fig. 9(b) shows a simulated open-loop phase margin response for a fourth-order shunt-feedback TIA as a function of R pd . It can be seen that relatively low variations of R pd can move the TIA phase margin away from the stable region (50°-60°) and generate ringing or even oscillatory output signals as depicted in Fig. 9(c) . Accurate SPICE modeling of the used PD versus frequency and reverse-bias voltage are therefore critical to guarantee TIA functionality and avoid instability issues.
Previous research on PDs modeling used either S-parameters [14] , [15] or Heaviside/time-domain [16] , [17] approaches to generate RLC-equivalent models, essentially for PIN type PDs. Previously reported PN-type PD models were only represented with simple (R pd and C pd )-like circuits with no variation versus the bias voltage and over frequency. These models do not include either the physical photo-carriers transport by diffusion and drift effects. Here, we present a frequency-based approach to provide lumped-RLC models for both PDs that take into account the dependence on the reverse-bias voltage up to 1-GHz frequency. In addition, the carried out models represent the OE photo-carriers transit behavior by drift and diffusion for both PDs as a function of the bias voltage and over the GHz frequency range.
As a first step, the reflection coefficient (S 11 ) is measured with a network-analyzer to model the equivalent output impedance (Z out ) of the PD; this part being critical for the TIA stability analysis. In a second step, the NOE ac-response is used to create a complete OE model of the PD versus different bias voltages. The curves' fitting is done using Keysight ADS software for both PN PDs.
A. Solid Single-Section PD (PD1) Equivalent Model Fig. 10(a) depicts the different physical elements for the single-section PD (PD1): the resistance through N+/N-well (Rn), the N-well/Psub depletion region capacitance (Cj), and the substrate Psub resistance (Rp) to the grounded P+ contacts. The surrounding P+/N-well junction caused by the N-well straggle underneath P+ (previously shown in Fig. 3) has shown a negligible effect and has not been considered in the PD1 model. A constant peripheral capacitance (Cp) is also added due to the large P+/STI/N+ contour. The equivalent electrical model is given in Fig. 10(b) with R pd = R p + R n . Fig. 10(c) gives the junction capacitance (Cj) variation as a function of the reverse-bias voltage (V R ), while Fig. 10(d) shows the S11 curves fitting between the measurement and the electrical model results at three reverse-bias voltages: 1, 3, and 6 V.
The frequency-dependent OE model requires taking into consideration the carriers' transit times by drift and diffusion effects. This analysis depends on the photo-carriers generation location and thus on the incident light wavelength [6] ; A red 680-nm wavelength laser light is used in this paper. Fig. 11 shows the OE model for PD1. The extracted model parameters (R 1 , C 1 , R 2 , and C 2 ) obtained by fitting between the measured and the model-simulated results for three V R values (1, 3, and 6 V) are given in Table I . The measured and the model NOE ac-response curves fitting are shown in Fig. 12 .
The OE model shown in Fig. 11 has a first-order lowpass filter (R 1 and C 1 ) section representing the transit time by diffusion of the created photo-carriers underneath the depletion region. As mentioned previously in Section II, with the enlarged depletion region width at high V R , the photocarriers would get rather created in the low vicinity of the depletion region edge which drastically reduces the diffusion time constant that can be calculated as τ 1 = R 1 (C 1 + C 2 ). This is reflected through R 1 and C 1 variations versus V R in Table I . The second section in Fig. 11 represents the carrier's acceleration by the electrical field once the photo-carriers reach the depletion region. The series RC model is adopted by Wang et al. [14] to represent the carriers' transit time by drift in the space-charge region (SCR) of a PIN PD. This RC circuit is equivalent to a zero frequency in the spectral domain set by (1/R 2 C 2 ) and results in optical bandwidth extension. A higher V R leads to an enhanced electric field and increased photo-carriers velocity in the SCR which is equivalent to lower zero frequency and higher effective frequency compensation. This is reflected by the R 2 increase versus V R in Table I . The diffusion time constant (τ 1 ) reduction with enlarged depletion region and the increased carriers speed at high V R both result in an enhanced OE bandwidth as shown in Fig. 12 .
An OE conversion section is used to model the photocurrent generation through a transconductance (g m ). This g m is utilized to represent the PD quantum efficiency or the responsivity as a function of the wavelength and/or the reverse- bias voltage [14] . The last model section is the PD output impedance (Z out ) illustrated in Fig. 11 . Fig. 13(a) shows the different parasitic elements for the N × N (N = 5) subsections PD (PD2). Each subsection is modeled with a resistance through N+/N-well (Rn /N 2 ), the N-well/Psub depletion region capacitance (C j /N 2 ) and the substrate Psub resistance (Rp /N 2 ) to the local grounded P+ ring. The surrounding P+/N-well junction (C j /N 2 ) due to the N-well straggle underneath P+ can no more be neglected for PD2 and was included in the electrical model. A constant peripheral capacitance (C p /N 2 ) is also added due to the large P+/STI/N+ and metal contours. Having all these elements as parallel paths between N+ and Psub allows to combine them all to form an equivalent electrical model for PD2 as shown in Fig. 13(b) (with R pd = R p + R n ). Fig. 13(c) gives the junctions capacitance (C j ) and (C j ) variation as a function of the reverse-bias voltage (V R ), and Fig. 13(d) shows the S11 curves fitting between the measurement and the electrical model results at three reverse-bias voltages: 1, 3, and 6 V. The OE model for PD2 is based on the same model approach presented for PD1 in Fig. 11 . The subsections design necessitates taking into account two carriers' diffusion characteristics, one underneath the depletion region and the other in the intermediate spaces noncovered by N-well. As shown in Fig. 14, the created (by the red light) photo-carriers concentration (PCC) profile rapidly decreases along the vertical z-axis, while it remains almost constant over the horizontal x-axis. The carriers' flux density by diffusion effect being proportional to PCC, one would expect to get more and faster carriers moving upwardly from underneath the depletion region than carriers moving laterally or diagonally from the corners to reach the depletion region. The relatively slow lateral carriers with respect to the fast vertical carriers can be electrically modeled with an inductor in parallel to a resistor. This is illustrated in Fig. 15(a) , where the current response to a voltage excitation (substituting for an optical excitation) through a parallel LR network has two components, the first assumed fast (linear) and the second (through the inductor) being slower due to the integration effect. The parallel RL circuit is converted to a series circuit to simplify the comparison between PD2 and PD1 models. The PD1 model from Fig. 11 is modified to include this dual-diffusion-type effect in the first section of the PD2 model given in Fig. 15(b) . Table II gives the extracted PD2 model parameters variations versus V R , and Fig. 16 gives the curves fitting between the measured and the simulated results for three V R values: 1, 3, and 6 V. As explained previously, at high V R values, the depletion region gets wider and the photo-carriers generation happens near or even inside the depletion region reducing the bottom carriers' diffusion. From the model presented in Fig. 15 and Table II , the network (R 1 , L 1 , and C 1 ) points out two scenarios. In the first case for low V R values, L 1 (representing the slow diagonal or lateral diffusion) has shown no influence on the model variations (denoted by "X" in Table II ). In this case, the diffusion toward the depletion region is dominated by the bottom photo-carriers where the transit time is defined by (R 1 (C 1 + C 2 ) ). In the second case with higher V R values, both (vertical and lateral) diffusion components become equivalent contenders with transit times of similar orders of magnitude defined by [
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, respectively. It can be noticed that (R 1 , C 1 , and L 1 ) values decrease at higher V R indicating shorter diffusion times, which leads to higher optical bandwidth. The second model section in Fig. 15(b) representing the transit time by drift presents a zero frequency defined by (1/R 2 C 2 ) that contributes to further bandwidth extension at high V R . Similar to PD1, the PD2 model is completed with an OE conversion section characterized by a transconductance g m and the output impedance (Z out ).
Since the extracted R, L, and C components are based on normalized frequency curves fitting, they do not necessarily reflect the physical effects by considering their absolute values, although their relative variations versus the bias voltage are consistent with our predictions of higher bandwidth performance. The comparison between both PDs models is mainly based on the transit-time parameter. At low V R = 1 V, the ratio between both PDs' transit-times τ (PD1)/τ (PD2) calculated with τ = [R 1 (C1 + C 2 )] gives ∼1.73, which is very close to the reported −3 dB cutoff frequency improvement ratio of ∼1.7 given in Fig. 8 . At higher V R values, the transit times (for either bottom or lateral diffusion) remain lower for PD2 than PD1, indicating an improved bandwidth performance. The zero frequency (1/R 2 C 2 ) representing the drift contribution in the models is dominated by the slow diffusion at low V R values (V R = 1 V). However, for higher V R , this zero frequency gives ∼6 MHz for PD1 and ∼10 MHz for PD2, implying a relatively higher frequency compensation for PD2 versus PD1.
Future PD2 ac-behavior improvement would require increasing the number of subsections and optimizing the spacing between the N-well cells for optimal SCR width and increased photons collection. The N+ contacts could also be increased for faster photo-carriers collection at the surface. In addition, reducing the number of P+-taps and top Metal1 along with STI blocking using a default process mask as well as a more appropriate OPTO mask application over the complete PD area would avoid scattering a percentage of the photons before reaching the depletion region.
It is worth noting that while the presented models were derived for a red applied light, they can be easily extended for shorter wavelengths creating photo-carriers directly inside the depletion region. In this case, only the model section relative to the transit by drift effect would remain effective. For even shorter wavelengths (blue to green light) creating photocarriers above the depletion region, the transit phenomenon would be determined by the top diffusion effect and the drift section could be removed from the model. Determining the RLC values for a wide wavelength range would require extensive characterization employing different light colors, but would basically follow the approach described in this section.
VI. CONCLUSION
In this paper, a blue-enhanced and optical-bandwidth extended PD design using 5 × 5 subsections in 0.35-μm CMOS is presented. The measured performance is compared to a solid reference PD having the same optical window to show 10%-15% blue responsivity enhancement and an improved 3-dB bandwidth. In addition, S-parameter-based voltage-bias-dependent SPICE models are proposed up to gigahertz frequency to accurately represent the OE conversion effects as well as the output impedance for both PDs. The use of subsections in PN PD design as well as accurate circuit level models would enable high-performance fully integrated CMOS optical wireless and VLC receivers.
